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Abstract 

Lao.8Sro.2Mn03_5  (LSM)  and  LSM-8  mol%  yttria- stabilized  zirconia  (YSZ)  composite  cathodes  were  fabricated  using  electrostatic  spray  assisted 
vapour  deposition  (ESAVD)  method.  The  porous  cathode  layers  of  LSM  and  LSM-YSZ  with  high  specific  surface  areas  were  obtained  by  optimizing 
the  deposition  parameters.  It  was  found  that  the  introduction  of  YSZ  into  LSM  decreased  the  electrochemical  impedance  significantly.  The  activation 
effect  of  passing  current  on  the  electrochemical  activity  of  the  LSM-YSZ  composite  cathodes  was  much  lower  than  that  of  the  LSM  cathodes. 
For  the  LSM-YSZ  composite  cathodes,  there  was  a  saturation  of  current  with  increasing  applied  potential  at  higher  temperatures  (from  900  to 
1000  °C).  The  LSM-YSZ  composite  cathode  fabricated  by  ESAVD  exhibited  high  electrochemical  activity  at  high  and  intermediate  temperatures 
(from  800  to  1000  °C).  This  suggests  that  ESAVD  is  a  promising  technique  for  the  fabrication  of  solid  oxide  fuel  cell  (SOFC)  cathodes. 

©  2008  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Lanthanum  strontium  manganate  (LSM)  is  the  most  widely 
used  cathode  material  in  solid  oxide  fuel  cells  (SOFCs).  The 
oxygen  reduction  mechanism  on  LSM  and  LSM-8  mol%  yttria- 
stabilized  zirconia  (YSZ)  composite  cathodes  as  well  as  the 
activity  and  stability  of  these  types  of  cathodes  have  been  exten¬ 
sively  investigated  [1-4].  Several  methods  have  been  developed 
in  order  to  fabricate  porous  cathodes  with  high  electrochemical 
performance  and  good  mechanical  strength  [5-8] .  Tape-casting, 
screen-printing,  etc.,  are  commonly  applied  methods  to  fabricate 
cathode  layers  for  SOFCs. 

Electrostatic  spray  assisted  vapour  deposition  (ESAVD)  is 
a  variant  of  the  chemical  vapour  deposition  (CVD)  process.  It 
involves  spraying  atomised  precursor  droplets  across  an  elec¬ 
tric  field  into  a  heated  environment  where  the  charged  droplets 
will  undergo  decomposition  and  chemical  reaction  in  the  vapour 
phase.  The  chemical  reactions  can  be  tailored  to  occur  at  differ¬ 
ent  zones  in  order  to  synthesise  dense  films,  porous  coatings  or 
nanocrystalline  powders.  A  wide  range  of  thin  and  thick  coat¬ 
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ings  with  either  a  dense  or  porous  micro  structure  for  structural 
and  functional  applications  including  indium  tin  oxide  (ITO)  [9] , 
TiC>2  films  [10-12],  CuInS2  films  [13],  etc.,  have  been  deposited 
using  the  ESAVD  method.  Compared  with  other  thin  film  tech¬ 
nologies  based  on  traditional  chemical  vapour  deposition  and 
physical  vapour  deposition,  no  vacuum  system  is  required  for 
ESAVD  system,  thus  significantly  decreasing  the  equipment  and 
fabrication  costs. 

In  this  paper,  ESAVD  was  used  to  fabricate  LSM  and 
LSM-YSZ  composite  cathodes  for  SOFCs.  Deposition  parame¬ 
ters  were  optimized  to  obtain  porous  cathodes  with  high  specific 
surface  area.  The  electrochemical  performance  of  the  cath¬ 
odes  annealed  at  various  temperatures  was  characterized  by  AC 
impedance  spectra  and  DC  polarization.  The  effect  of  the  intro¬ 
duction  of  YSZ  on  the  cathode  performance  was  investigated  as 
well. 

2.  Experimental 

Lao.sSro^MnOs-s  (LSM)  and  LSM-8  mol%  yttria- 
stabilized  zirconia  (weight  ratio  6:4)  composite  cathodes  (5  mm 
in  diameter)  were  fabricated  on  0.5  mm  thick  YSZ  dense 
substrates  (20  mm  in  diameter)  by  electrostatic  spray  assisted 
vapour  deposition  method.  The  precursors  for  the  deposition 
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of  LSM  and  YSZ  were  based  on  sol  solution  prepared  from 
metal  nitrates.  The  ratio  of  LSM  and  YSZ  was  controlled  by 
mixing  LSM  and  YSZ  precursor  in  an  appropriate  volume 
ratio.  The  thickness  of  the  cathode  layers  was  controlled  by  the 
deposition  time.  The  deposition  temperature  was  controlled  at 
circa  470  °C. 

The  absorption  and  desorption  properties  of  the  as-deposited 
cathodes,  and  cathodes  annealed  at  900  °C  for  2h  were  mea¬ 
sured  by  BET  method  on  a  surface  area  and  porosity  analyzer 
(Micrometitics  ASAP  2020).  The  phase  composition  of  the 
as-deposited  and  annealed  cathodes  was  determined  by  X-ray 
diffraction  (XRD)  using  a  Siemens  D500  X-ray  diffractome¬ 
ter.  The  morphology  of  the  surface  and  cross-section  of  the 
cathodes  annealed  at  various  temperatures  was  characterized 
using  a  scanning  electron  microscope  (SEM,  Philips  XL30). 
The  composition  of  the  films  was  determined  by  EDX  (Oxford 
INCAx-Sight  6650  equipped  on  the  SEM  system). 

A  Pt  counter  electrode  with  the  same  size  as  the  cathode  and 
a  Pt  reference  electrode  of  0.2  mm2  were  painted  on  the  oppo¬ 
site  side  of  the  YSZ  disks  and  sintered  at  900  °C  for  30  min. 
The  distance  between  the  counter  electrode  and  the  reference 
electrode  was  controlled  at  1.5  mm.  AC  impedance  and  polar¬ 
ization  behaviours  of  the  cathodes  were  measured  by  a  Solartron 
electrochemical  system  which  consisted  of  an  SI  1287  electro¬ 
chemical  interface  and  a  1255B  frequency  response  analyzer. 
For  AC  impedance  measurement,  a  20  mV  AC  signal  (frequency 
from  0.01  to  106Hz)  was  applied  to  the  samples.  The  experi¬ 
mental  data  of  AC  impedance  and  polarization  were  collected 
and  analyzed  by  commercial  software  Zplot/Zview  and  Cor- 
rware/Corrview,  respectively. 

3.  Results  and  discussions 

The  apparatus  of  the  electrostatic  spray  assisted  vapour 
deposition  used  to  prepare  LSM  and  LSM-YSZ  cathodes  has 
been  reported  elsewhere  [14].  The  surface  morphology  of  the 
deposited  films  can  be  easily  controlled  by  modifying  the  key 
processing  parameters.  ESAVD  is  expected  to  be  a  promising 
method  for  preparing  porous  cathodes.  By  adjusting  the  depo¬ 
sition  parameters  (for  example,  the  deposition  temperature  set 
at  circa  470  °C,  the  precursor  concentration  set  at  0.05  M,  the 
deposition  rate  set  at  10  ml  precursor  per  minute,  and  the  voltage 
set  at  5-12  kV),  porous  cathodes  of  LSM  and  LSM-YSZ  were 
obtained. 

Fig.  1  shows  the  surface  morphology  and  cross-section  of 
an  LSM-YSZ  cathode  fabricated  by  ESAVD  and  annealed  at 
900  °C  for  2h.  A  similar  microstructure  was  obtained  for  the 
LSM  cathode  deposited  under  the  same  conditions.  The  thick¬ 
ness  of  the  cathodes  was  circa  40[xm.  Cross-section  SEM 
(Fig.  1(b))  shows  that  LSM-YSZ  cathode  film  adhered  well 
onto  YSZ  substrate.  The  cathode  layer  consisted  of  clusters  of 
micrometer- scale  particles.  Such  porous  structure  is  desirable 
for  SOFC  cathode,  which  would  facilitate  the  electrochemical 
reactions  at  the  triple  phase  boundaries  (TPB),  and  the  mass 
transportation  of  reactants  and  products  within  the  cathode  layer 
as  well. 


Fig.  1 .  Surface  morphology  and  cross-section  of  an  LSM-YSZ  composite  cath¬ 
ode  fabricated  by  ESAVD.  The  LSM  cathode  was  annealed  after  deposition  at 
900  °C  for  2  h.  (a)  Surface;  (b)  cross-section. 


The  XRD  analysis  (Fig.  2)  shows  that  the  as-deposited  cath¬ 
odes  LSM  and  LSM-YSZ  were  amorphous  and  a  perovskite 
phase  of  LSM  was  formed  in  the  LSM  cathode  after  annealing 
at  900  °C  for  2  h.  In  the  LSM-YSZ  cathodes  annealed  under  the 
same  condition,  only  the  perovskite  phase  of  LSM  and  the  cubic 
phase  of  YSZ  were  observed,  indicating  no  undesired  interfacial 
reactions  between  LSM  and  YSZ  substrate  can  be  detected. 

BET  measurements  confirmed  that  cathodes  of  LSM  and 
LSM-YSZ  have  high  specific  areas  as  shown  in  Fig.  3.  The  spe¬ 
cific  areas  of  the  annealed  LSM  and  LSM-Y SZ  cathodes  reached 
9.37  and  14.66  m2g_1,  respectively.  Although  the  difference 
of  specific  areas  of  the  LSM  and  LSM-YSZ  were  not  signif¬ 
icant,  the  adsorption  and  desorption  behaviours  of  these  two 
cathodes  were  quite  different.  Different  to  the  pure  LSM  cath¬ 
ode,  the  absorption  and  desorption  processes  in  the  LSM-YSZ 
cathode  were  more  reversible.  This  indicates  that  the  absorp¬ 
tion  of  the  reactants  and  desorption  of  the  reaction  products  can 
easily  happen  on  LSM-YSZ  cathodes. 

In  order  to  evaluate  the  performance  of  the  LSM  and 
LSM-YSZ  cathodes,  AC  impedance  spectra  of  these  two  types 
of  cathodes  were  measured  in  oxygen.  It  is  interesting  to  find  out 
that  LSM  cathodes  showed  much  lower  performance  during  the 
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Fig.  2.  XRD  patterns  of  the  as-deposited  and  annealed  LSM  cathodes  fabricated 
by  ESAVD.  The  LSM  cathode  was  annealed  900  °C  for  2  h.  (a)  LSM  cathode; 
(b)  LSM-YSZ  cathode. 


first  measurement  but  the  performance  increased  rapidly  after  a 
current  was  passed  through  the  cathode.  From  the  AC  impedance 
spectra  shown  in  Fig.  4,  we  notice  that  the  electrochemical  resis¬ 
tance  was  increased  by  about  one  order.  However,  the  change  of 
the  contact  ohmic  resistance  was  nearly  negligible.  The  passing 
current  increased  the  electrochemical  activity  of  the  cathode,  but 
did  not  change  the  IR  drop  and  the  contact  resistance  between 
the  cathode  layer  and  the  electrolyte  substrate.  The  promotion 
effect  of  the  passing  current  is  considered  to  be  possibly  induced 
by  the  change  of  the  grain  boundary  in  the  LSM  layer  and  the 
TPB  length  between  the  LSM,  YSZ  and  the  gaseous  phase. 

Fig.  5  shows  the  AC  impedance  spectra  of  the  LSM  cath¬ 
ode  at  various  temperatures.  With  increasing  temperature,  both 
the  ohmic  resistance  and  electrochemical  resistance  of  the  LSM 
cathode  decreased.  At  high  frequency,  obvious  arcs  (consist¬ 
ing  of  several  semi-circles)  were  formed  and  the  arcs  were 
compressed  to  a  line  at  low  frequency.  This  means  that  the  contri¬ 
bution  from  the  capacitor  between  the  cathode  and  the  electrolyte 
layers  nearly  disappeared  and  only  the  resistance  related  with  the 
absorption,  desorption  and  electrochemical  processes  changed 
slightly  with  the  frequency.  As  a  result  of  the  high  specific  area 
of  the  cathode,  no  concentration  polarization  was  observed.  This 
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Pig.  3.  Absorption  and  desorption  properties  of  the  LSM  and  LSM-YSZ  com¬ 
posite  cathodes  measured  by  BET  method,  (a)  LSM  cathode;  (b)  LSM-YSZ 
cathode. 

result  also  indicates  a  good  contact  between  the  electrode  and 
electrolyte. 

The  spectra  of  the  LSM  cathode  at  lower  temperatures 
obviously  consisted  of  two  semi-circles.  With  increasing  tem¬ 
perature,  the  semi-circle  at  medium  frequency  decreased  and 
finally  disappeared  at  temperatures  above  800  °C.  It  suggests 
that  at  high  temperatures  (i.e.  above  800  °C),  the  electrochemi¬ 
cal  reaction  is  the  dominant  step  to  the  whole  electrode  process, 


Pig.  4.  AC  impedance  spectra  of  the  as-prepared  and  activated  LSM  cathodes 
at  800  °C. 
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Fig.  5.  AC  impedance  spectra  of  the  activated  LSM  cathode  at  different  tem¬ 
peratures. 

and  with  the  decrease  of  temperature,  the  effect  from  the  surface 
absorption  process  is  increased. 

Fig.  6  shows  the  polarization  behaviour  of  the  LSM  electrodes 
at  different  temperatures.  During  SOFC  operation,  the  potential 
of  the  cathode  is  always  reduced  by  the  passing  current,  so  only 
the  polarization  curves  under  negative  current  are  plotted  in  this 
figure.  The  current  density  increased  rapidly  with  the  increase 
of  the  polarizing  potential  when  this  potential  was  lower  than 
0.155  mV.  Further  increasing  the  polarizing  potential,  the  current 
density  increased  gradually.  The  higher  polarizing  voltage  also 
led  to  a  higher  responding  current. 

Fig.  7  shows  the  AC  impedance  spectra  of  the  as-prepared  and 
activated  LSM-YSZ  cathodes  at  1000  and  800  °C,  respectively. 
For  LSM-YSZ  composite  cathodes,  the  activation  effect  on  the 
electrode  activity  was  not  significant,  which  was  rather  different 
to  that  of  the  pure  LSM  cathodes.  This  result  suggested  that  there 
were  sufficient  electrochemically  active  sites  in  the  as-prepared 
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Fig.  6.  Polarization  curves  of  the  activated  LSM  cathode  at  different  tempera¬ 
tures. 


Fig.  7.  AC  impedance  spectra  of  the  as-prepared  and  activated  LSM-YSZ  cath¬ 
odes  at  (a)  800  and  (b)  1000  °C,  respectively. 

LSM-YSZ  composite  electrodes.  No  improvement  on  the  elec¬ 
trode  performance  after  passing  a  constant  current  indicated  the 
electrode  microstructure  was  more  stable  than  that  of  LSM  cath¬ 
odes.  Two  semi-circles  can  be  observed  on  the  spectra  of  the 
LSM-YSZ  cathode  at  much  higher  temperature  (e.g.  1000  °C), 
indicating  the  adsorption  and  desorption  processes  were  still 
important  factors  to  the  total  electrode  performance  even  though 
the  electrochemical  activity  was  much  improved  at  high  tem¬ 
perature.  The  concentration  polarization  also  appeared  on  the 
spectra  of  the  LSM-YSZ  cathode  at  1000  °C.  The  total  resis¬ 
tance  of  the  cathode  was  only  0.2  Q  cm2  at  1000  °C,  which  was 
much  lower  than  that  of  the  cathode  at  800  °C  (circa  1.3  £2  cm2). 
However,  at  800  °C  only  one  semi-circle  can  be  observed,  which 
means  at  lower  temperatures  the  electrochemical  process  dom¬ 
inated  the  whole  electrode  performance  and  the  contribution 
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Fig.  8.  AC  impedance  spectra  of  the  activated  LSM-YSZ  composite  cathode  at 
different  temperatures. 

from  the  mass  transportation,  absorption  and  desorption  on  the 
electrode  can  be  ignored.  In  addition,  intermediate  tempera¬ 
ture  SOFCs  (IT-SOFCs)  are  normally  operated  at  a  temperature 
lower  than  800  °C,  so  the  microstructure  of  the  LSM-YSZ  com¬ 
posite  cathodes  with  high  porosity  and  specific  surface  area 
fabricated  by  ESAVD  is  suitable  for  IT-SOFCs. 

The  AC  impedance  spectra  at  various  temperatures  of  the 
LSM-YSZ  composite  cathodes  (weight  ratio  between  LSM  and 
YSZ  =  6/4)  fabricated  by  ESAVD  are  shown  in  Fig.  8.  The  spec¬ 
tra  of  cathodes  at  various  temperatures  look  similar,  despite  both 
the  electrode  resistance  and  the  IR  drop  in  the  half  cells  increased 
with  decreasing  temperature.  The  electrode  resistance  was  ca. 
0.4  Q  cm2  at  950  °C  and  sharply  increased  to  1.3  Q  cm2  when 
the  temperature  dropped  to  800  °C.  It  is  expected  the  output 
performance  of  a  SOFC  using  an  LSM-YSZ  composite  cath¬ 
ode  is  lower  at  intermediate  temperatures  than  that  at  higher 
temperatures.  The  total  electrode  resistance  at  immediate  tem¬ 
perature  is  not  high.  Therefore,  a  good  output  performance  for 
an  IT-SOFC  using  a  LSM-YSZ  composite  cathode  produced  by 
ESAVD  could  be  obtained  if  a  thin  layer  electrolyte  film  is  being 
fabricated. 

The  polarizing  behaviour  of  the  LSM-YSZ  composite  cath¬ 
odes  at  different  temperatures  is  shown  in  Fig.  9.  At  800  °C 
the  current  density  changed  linearly  with  the  supplied  potential 
between  the  cathode  and  the  reference  electrode.  The  current 
density  under  a  specific  potential  bias  increased  with  increas¬ 
ing  temperature.  A  saturation  current  density  was  observed 
above  850  °C  and  with  increasing  temperature,  the  saturation 
current  density  was  reached  at  a  lower  applied  potential  bias. 
At  higher  temperature  the  current  density  reached  a  maximum 
value  quickly  with  the  increase  of  the  applied  potential.  In  addi¬ 
tion,  further  increasing  the  potential  can  only  introduce  a  very 
small  increase  of  current  density  at  850  °C  and  will  keep  the 
current  density  constant  at  900  °C  after  the  turning  point  was 
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Fig.  9.  Polarization  curves  of  the  activated  LSM-YSZ  composite  cathode  at 
different  temperatures. 


reached.  It  should  be  noted  that  at  900  and  950  °C  the  current 
density  decreased  with  increasing  the  applied  potential  after 
the  maximum  current  density  was  reached.  The  decrease  at 
950  °C  is  lower  than  that  at  1000  °C.  This  result  suggests  that 
at  each  temperature  there  is  a  saturation  current  density  and 
at  a  higher  temperature  the  saturation  current  density  can  be 
reached  at  a  lower  potential  bias.  This  decrease  of  the  current 
density  at  high  temperature  is  introduced  by  the  decrease  of 
the  electrode  activity  and  the  increase  of  the  electrode  resis¬ 
tance.  XRD  measurements  confirmed  that  this  was  related  to 
the  formation  of  the  reaction  product  La2Zr4C>7  which  occurred 
in  the  LSM-YSZ  composite  electrodes  at  high  temperatures, 
along  with  the  microstructure  change  of  the  cathode  layer  at 
high  potential  bias  (high  electrical  current  passes  the  electrode 
which  causes  a  much  higher  electrode  temperature,  i.e.  the  actual 
cathode  temperature  is  higher  than  that  of  the  measured  value). 
As  a  comparison,  the  decrease  of  current  density  was  observed 
with  the  increase  of  the  applied  potential  because  La2Zr4C>7 
formation  reaction  occurred  in  the  LSM-YSZ  electrodes. 

In  order  to  further  clarify  the  promotion  effect  on  the  electro¬ 
chemical  performance  of  SOFC  cathodes  by  introducing  YSZ 
into  LSM,  the  comparison  of  the  AC  impedance  spectra  between 
the  LSM  and  LSM-YSZ  cathodes  at  relatively  low  tempera¬ 
tures  (600  and  700  °C)  was  carried  out.  As  shown  in  Fig.  10,  at 
higher  temperatures,  it  is  difficult  to  investigate  some  rapid  pro¬ 
cesses.  According  to  the  present  understanding  of  LSM-based 
electrodes,  an  equivalent  circuit  is  proposed  for  the  LSM  and 
LSM-YSZ  electrodes  and  shown  in  Fig.  11.  In  order  to  sim¬ 
ulate  the  electrode  processes,  constant  phase  elements  (CPE) 
were  introduced  into  the  equivalent  circuit.  CPE  is  a  simple  dis¬ 
tributed  element  which  produces  impedance  having  a  constant 
phase  angle  in  the  complex  plane.  T  and  P  are  two  parameters  in 
the  mathematic  expression  of  the  impedance  of  CPE  components 
shown  below, 


Z(CPE)  = 


1 

T(om)p  ' 


The  exponent  P  determines  this  angle.  In  the  special  case  of 
P=  1,  the  CPE  acts  like  a  capacitor  with  T  equal  to  the  capaci- 
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Fig.  10.  Comparison  of  the  AC  impedance  spectra  of  the  activated  LSM  and  LSM-YSZ  cathodes  at  (a)  600  and  (b)  700  °C.  Open  and  solid  squares  are  the  experimental 
data  and  the  lines  are  for  the  fitting  results. 
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Fig.  11.  Equivalent  circuit  for  the  activated  LSM  and  LSM-YSZ  cathodes. 


tance.  The  CPE  can  also  yield  an  inductance  when  P  =  —  1,  or  a 
resistance  when  P  =  0. 

The  fitting  results  for  the  AC  impedance  spectra  of  the  cath¬ 
odes  to  this  equivalent  circuit  at  600  and  700  °C  are  shown 
in  Table  1,  which  are  also  illuminated  as  lines  in  Fig.  10.  In 
Table  1,  CPE1-T  and  CPE2-T  represent  Lfor  CPE1  and  CPE2, 
and  CPE1-P  and  CPE2-P  represent  P  for  CPE1  and  CPE2, 
respectively.  The  inductance  LI  for  these  two  electrodes  at  all 
the  temperatures  was  very  close,  which  was  introduced  by  the 
electrochemical  measurement  system.  The  high  frequency  semi¬ 
circle  was  related  to  the  electrochemical  processes  occurring  in 
the  electrodes.  For  LSM  cathode,  when  the  temperature  was 
reduced  from  700  to  600  °C,  R2  changed  from  1.55  to  7.25,  and 
the  difference  was  about  4.7  times.  However,  for  LSM-YSZ 
composite  cathode,  the  change  of  R2  was  much  smaller,  which 
was  only  1.12  times,  when  the  temperature  decreased  from  700 
to  600  °C.  Compared  with  the  pure  LSM  cathode,  the  electro¬ 
chemical  activity  of  the  LSM-YSZ  composite  cathode  was  not 
so  temperature-dependant.  The  changes  of  R3,  which  is  consid- 


Table  1 

Fitting  results  for  the  LSM  and  LSM-YSZ  cathodes  at  600  and  700  °C 


LSM 

LSM-YSZ 

600  °C 

700  °C 

600  °C 

700  °C 

LI  (H) 

1.39  x  10“6 

1.42  x  10“6 

1.10  x  10“6 

1.11  x  10“6 

Rl  (Q) 

6.58 

2.61 

10.58 

3.65 

R2(Q) 

7.25 

1.55 

2.09 

1.86 

CPE1-T 

9.2  x  10“4 

1.8  x  10-3 

2.6  x  10“4 

2.7  x  10“3 

CPE1-P 

0.79 

0.73 

0.80 

0.59 

R3  (Q) 

76.83 

7.98 

32.03 

3.15 

CPE2-T 

1.9  x  10-3 

2.8  x  10“3 

4.5  x  10-4 

6.7  x  10-4 

CPE2-P 

0.82 

0.79 

0.83 

0.93 

ered  as  the  absorption/desorption  resistance  on  the  electrodes, 
were  very  close  for  the  LSM  and  LSM-YSZ  composite  cath¬ 
odes  (ca.  10  times)  when  the  temperature  decreased  from  700 
to  600  °C,  despite  the  absolute  value  for  the  LSM-YSZ  cathode 
was  nearly  one  half  that  for  LSM  pure  cathode.  This  indicates 
that  the  introduction  of  the  YSZ  facilitated  the  absorption  and 
desorption  processes  on  the  electrodes.  It  means  the  expansion 
of  the  triple  phase  boundary  (TPB)  by  adding  YSZ  can  shorten 
the  migrating  distance  of  the  absorbed  species  before  and  after 
reaction  occurred  at  TPB. 

It  is  obvious  that  the  effects  of  the  YSZ  and  temperature 
on  the  constant  phase  elements  (i.e.  CPE-1  and  CPE-2)  are  not 
so  obvious  compared  with  that  on  ohmic  resistances,  R2  and 
R3.  Hence,  the  improvement  of  the  cathode  performance  by 
introducing  YSZ  was  mainly  caused  by  the  reduction  of  absorp¬ 
tion/desorption  resistance  in  the  electrodes.  This  effect  turned 
out  to  be  much  more  significant  at  lower  temperatures. 

4.  Conclusions 

Electrostatic  spray  assisted  vapour  deposition  is  a  promising 
method  to  fabricate  LSM-based  cathodes  for  solid  oxide  fuel 
cells  (SOFCs).  LSM  and  LSM-YSZ  cathodes  with  high  poros¬ 
ity  and  specific  surface  area  have  been  successfully  deposited  by 
ESAVD.  The  as-deposited  films  were  amorphous  and  become 
crystalline  after  annealing  in  air  at  900  °C  for  30  min.  For  the 
LSM  cathodes  fabricated  by  ESAVD,  passing  current  promotes 
the  electrode  performance  significantly.  For  the  LSM-YSZ  cath¬ 
odes  fabricated  by  ESAVD,  the  promotion  of  the  passing  current 
on  the  electrode  performance  is  negligible.  The  YSZ  in  the 
cathode  slightly  increases  the  IR  drop  but  clearly  decreases  the 
electrochemical  resistance. 
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